ABSTRACT: Block copolymers of lactide and poly(ethy1ene glycol) with various mclar ratios were synthesized. Tin(I1) bis(2-ethylhexanoate) has been used as a catalyst. Kinetic measurement and mechanistic studies suggest that the reactivity of the initiator, a hydroxyl group bearing reagent, is an important parameter on the polymerization course. In the case of primary and secondary alcohols, Le., poly(ethy1ene glycol) and methyl lactate, it is found that when the initiator concentration exceeds the catalyst concentration, the number of chains formed exceeds the number of catalyst molecules. The chains are propagated through shifts of catalysts from one chain to another. In the case of tertiary alcohols, it appears that the number of chains formed is about the number of catalyst molecules. Therefore, by choosing an appropriate initiator, reaction course and molecular weight as well as molecular weight distribution can be designed. A model based on the assumptions of fast initiation reaction and random propagation reaction is established. Both initiator and catalyst are found to have an influence on the increase of molecular weight and molecular weight distribution.
Introduction
Numerous studies have been devoted to the syntheses, properties, and processing of biodegradable thermoplastics such as poly(€-caprolactone), poly(L-lactide) (PLLA), and poly(3-hydroxybutyrate) (PHB).1-3 The prime objective of these studies was to develop environmentally friendly polymers for agricultural, marine, and medical application^.^-^ Biodegradable copolymers were also extensively investigated.*19 Copolymerization was usually performed to improve the processability and mechanical properties of these degradable polymers. More recently, the synthesis of low molecular weight block copolymers containing biodegradable sequences has attracted more attention.1°-12 For instance, ABA type copolymers of lactide and poly(ethy1ene glycol) were synthesized by several research groups.4,9r13-15 These block copolymers have been used as compatibilizers and as precursor polymers for the synthesis of biodegradable elastomers and t h e r m o~e t s .~~~~~l l~l~, ~~ Researches on copolymerization using Al, Zn, and Sn compounds as catalysts have been p u b l i~h e d .~J~J~J~ Concerning the reaction using a Sn compound as a catalyst, several reaction mechanisms were p r o p o~e d . '~-~~ However, due to insufficient key experimental data, it is virtually impossible to distinguish among the proposed reaction m e~h a n i s m s .~~-~~ Although it is well established that hydroxyl groups initiate the lactone p o l y m e r i z a t i~n , '~~~,~~ carefully designed kinetic study was necessary t o investigate the reaction mechanism. In this paper, kinetic measurements using high-resolution NMR spectroscopy have been carried out. A comparison between the experimental data and theoretical calculations based on the model gives good support to the proposed mechanism.
* To whom correspondence should be addressed. Before use they were vacuum dried (0.2 mmHg) around 80 "C for 30 min. Tin(I1) bis(2-ethylhexanoate) (Sigma Chemical Co., St. Louis, MO) was used as received. Pinacol (Aldrich), 2,3-butanediol, methyl (S)-(-)-lactate (Janssen, Geel, Belgium), and tert-butyl alcohol (E. Merck, Darmstadt, Germany) were dried before use.
Polymerizations. An example of a polymerization is given here. Under nitrogen, PEG1000 (15.00 g, 15 mmol) was introduced to a 50-mL three-necked flask equipped with a stirrer. The system was vacuum dried at 80 "C for 30 min.
The flask was then purged with nitrogen and heated to 120 "C in an oil bath. Under nitrogen, lactide (10.80 g, 75 mmol) was charged into the flask. After the solid was molten, tin(I1) bis(2-ethylhexanoate) (0.061 g, 0.15 mmol) was subsequently introduced into the flask and the time was recorded as the beginning point. At predetermined times samples were collected and analyzed immediately by IH NMR spectroscopy.
If the molar ratio of lactide over PEG was more than 15, the experimental procedure was slightly different. In this case the lactide was first molten and then added to the flask with predried PEG. After that the catalyst was added.
If initiators other than PEGS were used, the polymerization procedure was changed by adding the lactide to a flask. The lactide was dried at 80 "C in vacuum for 30 min and heated to the polymerization temperature. After that the initiator and the catalyst were added.
Characterizations. IH NMR spectra were recorded on a Bruker AM-400 NMR spectrometer. Conversion of the polymer was calculated from the relative intensities of the monomer and polymer methine quartet at 5.03 and 5.16 ppm or the methyl doublets at 1.59 and 1.69 ppm. A tetramethylsilane (TMS) signal was taken as the zero chemical shift.
IR spectra were measured using a Mattson Polaris FT-IR spectrometer with KBr pellets.
Molecular weights were determined using a Waters Associates GPC with tetrahydrofuran as the eluent. Calibration was carried out with polystyrene standards (Polymer Laboratories, Church Stretton, Shropshire, U.K.) in the range of 500-66 000. 
Results and Discussion
Characterization of the Copolymer. The copolymerization is illustrated in Scheme 1. Various molar ratios of lactide to poly(ethy1ene glycol) have been used (Table 1 ). Molecular weights of the final copolymers, as determined by lH NMR, are in good agreement with that derived from the molar feed ratio. Figure 1 shows the IR spectrum of PEGlOOO and a copolymer of molar ratio 1 to 5.0 of PEGlOOO vs lactide. The absorption band at 1800 cm-l indicates the ester group in the lactide unit. The linkage of PEG with lactide is confirmed by lH NMR (Figure 2 ). In Figure 2 , the peak b + e at 4.3 ppm includes one methine proton and two methylene protons per chain end. One-sixth of the integration of this peak equals the number of chains. The peak f at 3.7 ppm belongs to those methylene protons of PEG which were not a direct neighbor to its end groups. Thus the apparent degree of polymerization (ADP) of the PEG is where f , ( b + e)(2/3) and ( b + e)(1/6) denote the number of ethylene oxide protons, the number of methylene protons of PEG chain end monomers, and the number of chains, respectively. This apparent degree of polymerization was calculated to be 22.5. The degree of polymerization (DP) of PEGlOOO has also been measured by end-group analysis through methacrylation modification of end groups.25 Because this number is also 22.5, it indicates that the lactide was bonded to the PEG chain. Otherwise, ADP would be lower due to an increase of chain numbers.
The calculation above assumed that both chain ends of the PEG have been reacted. In order to confirm this, two reactions have been performed. First, the copolymer of L-lactide with PEGlOOO of molar ratio 20:l was extracted by alcohol a t reflux for about 2 h. The lH NMR spectrum of the extracted polymer did not show a measurable change after the extraction. As alcohol dissolves PEGlOOO in a few seconds, this confirms the copolymerization. Second, when the copolymer is methacrylated, the intensity a t 4.3 ppm decreased to twothirds of its original value. 25 Because methine proton shifts to lower field while the methylene protons remain unchanged, this suggests that the copolymer is of the ABA type. If an AM type copolymer was formed, the intensity would increase by one-third of its original value.
Kinetic Measurements. In this paper, in-situ observation of the polymerization by lH-NMR spectroscopy is used for kinetic and mechanistic studies. PEG of molecular weight 1000 is used for the kinetic studies.
It is supposed that the mobility was not a controlling factor and the reaction a t one end of the chain could not affect the reaction a t the other chain end. Because PEG and polylactide are thought to be miscible in the amorphous phasez6 and because visually no phase separation is observed during the whole polymerization process, equal reactivity of both alcoholic chain ends is assumed. Figure 3 shows the lH NMR spectra of the polymerization system during reaction at 113 "C. While the monomer concentration decreases as indicated by the peaks at 1.69 and 5.03 ppm, the polymer signals increase as seen from the peaks at 1.59 and 5.16 ppm. Table 2 lists some results of copolymerization of molar ratio 1 to 5.0 of poly(ethy1ene glycol) to lactide at 113 "C, both with and without a catalyst. Figure 4 shows the logarithm of monomer conversion versus polymerization time for the same system with an increasing concentration of Sn(oct)z. It can be seen that, for the 66% conversion (to polymer), the uncatalyzed reaction takes ca. 300 min while the catalyzed reaction using 0.05 mol of Sn(oct)z equivalent to the hydroxyl group of PEGlOOO takes 10 min. The linear relation between the logarithm of conversion of monomer, ln([Mld[MI), and the reaction time at low conversion indicates that the reaction is first order in monomer. It assures that the supposition of independent reaction at two ends of the same chain is reasonable. The linear part of the uncatalyzed reaction reaches to ca. 40% of conversion, while the linear parts of catalyzed reactions reach to ca. 80% and 90% respectively for catalyst 0.01 and 0.05 mol equiv to the initiator. The rate constants obtained are 5.50 x 0.17 min-l with catalyst. The disappearance of the hydroxyl group in PEG can be monitored by measuring the intensity at 4.3 and 3.7 ppm in the lH NMR spectrum. The peaks at 4.3 ppm in the lH NMR spectra belong to the methine protons of lactide at chain end and methylene protons of PEG neighbor to the lactide unit. Figure 5 illustrates the change of the peak at 4.3 ppm during the reaction. The conversion of PEG can be calculated according to: min-l without catalyst and 3.45
conv of PEG (%) = reactions may occur on one chain, then:
Combination of (8) and ( where b, d, and e are intensities of peaks defined in Figure 2 , and RU is the number of repeating units of PEG. Figure 6 shows the logarithm of concentration of reacted PEGlOOO (RU = 22.5) versus reaction time.
From the linear correspondence it may be deduced that the reaction is first order in initiator. The rate constants are 1.42 x min-l without catalyst and 9.33
x and 0.48 min-l with catalyst 0.01 and 0.05 mol equiv to the hydroxyl group of the initiator.
If POL-OH stands for the PEG (a factor 2 has been considered), M stands for the lactides, the reaction may be written as: 
where k, denotes the propagating rate constant.
With a catalyst, the reaction may be a two-step reaction in which the catalyst first coordinates with lactide to activate the monomer. Then the activated monomer reacts with a hydroxyl group of PEG molecules. 21 The reaction may also be a termolecular reaction in which a lactide, catalyst, and hydroxyl group combine in the transition state. Although a termolecular reaction is very rare, there is no evidence to exclude such a reaction here. Both reactions give a similar apparent kinetic equation.
For a two-step reaction scheme, we have
Suppose that reaction (5) is rapidly reversible such that reactions (6) and (7) become the rate-determining step and take into account that more propagation
r=O kcFor a termolecular reaction, the following is directly available: (11) where [POL-MiOHl means the concentration of chains with degree of polymerization i.
Equation (11) is similar to (10). In the following derivation, (10) was used.
If initiation rate constant ko was the same as propagating rate constant kx, the following is available:
here ko, k1, kz, ... are the rate constants of every step, and ko = k, ( x = 1, 2, 3 
suggested that the rate constant ratio is dependent on the feed ratio. For the reaction with the molar ratio of monomer to initiator as 5 1 , the experimental data of catalyzed reaction gives: (13) due to the propagation reactions. When the molar ratio of monomer to initiator is high, the initiators would be consumed soon after the reaction starts. The effect would have a small contribution to the apparent rate constant. Table 3 lists the feed ratios and rate constant ratios.
Mechanism of Polymerization. The polymerization mechanisms of lactide with most stannous compound catalysts are still not clear.1,21 Although the insertion to a Sn-alkoxy bond mechanism has been proposed for tin oxides, it is not fit for SnII(oct)z due to the fact that energetically unfavorable anhydride end groups would be f~r m e d .~~~~~ In fact, it has been provenz2 that no end group other than a hydroxyl group was formed. Further, when tin halogen, tributyltin acetate, or thioacetate compounds were used as catalysts, hydroxyl-containing impurities were necessary to make the reaction proceed.1J9,21,26-28 While the addition of acid did not affect the molecular weight, the addition of alcohols reduced the molecular weight greatly.29
From the discussion above, it is possible that the polymerization starts with the formation of a Sn-0 linkage. In tin(I1) bis(2-ethylhexanoate) catalyzed polymerization of lactide, this may occur through a combination of lactide to Sn"(oct)z (Scheme 2,2-1) or through a combination of alcohol with SnI'(oct)z (Scheme 2,2-2). Because p-or d-orbitals of Sn(I1) molecules may coordinate to the carbonyl group in l a~t i d e ,~~J~-~~ Scheme 2 (2-1) is possible. Scheme 2 (2-2) also seems possible. The choice between these two needs more experimental details.
The chemical shift of the methyl protons, as shown in Figure 7 , changes from 6 1.69 to 6 1.4-1.6 during polymerization. At the beginning of the reaction, two clearly separated doublets are present in the spectra. The doublets are the signals of the methyl protons of lactide bonded to the end groups of PEG. As the reaction proceeds the peaks become broadened and overlapped due to the increase of lactide unit in the chain. Up to 80-90% conversion of the initiator, little polymerization has taken place, as can be seen in Figure   1 3 a t a reaction time oft = 19 min in the range of 1.51-1.63 ppm. As the ratio of initiator to catalyst is 100:1, this will lead to the conclusion that the catalyst shifted from one initiator to another. Table 1 shows that the degree of polymerization is in agreement with the feed ratio. Because no high molecular weight polymer was found by NMR and GPC at an earlier stage of the reaction, sudden chain growth is excluded. From Figures 4 and 6, it can be seen that at conversions of PEG1000, e.g., 95%, the conversions of lactide of both catalyzed and uncatalyzed polymerization are comparable, indicating that Sn(oct)z catalyzes both initiation and propagation processes. All these results confirm that the catalyst shifted between initiators as well as growing chains. The consumption of initiator depends on the reactivity of the initiator. In this study primary alcohols (triethylene glycol and PEGS), secondary alcohols (methyl lactate and 2,3-butanediol), and tertiary alcohols (pinacol and tert-butyl alcohol) have been used as initiators. Scheme 3 illustrates the initiation reaction scheme. The primary alcohols were consumed fast. Only a little propagation was found before the primary alcohol was completely reacted, as already seen in Figures 4 and 6 . The secondary alcohols were consumed slower than the primary ones. Figure 8 shows ' H NMR spectra of the methyl lactate initiated polymerization course. The consumption of methyl lactate can be realized by investigating the change of peaks at 3.74 and 3.78 ppm. The singlet at 3.78 ppm denotes the methyl proton of methyl lactate before reaction, and the peak at 3.74 ppm denotes the one after reaction. Further, because the two doublets between 1.4 and 1.6 ppm, as seen in the first curve of Figure 7 which indicates the initiation reaction is prior t o the propagation reaction, do not appear here, the propagation occurs at the primary stage. In fact, even the earliest sample showed a peak at 1.61 ppm which implied propagation. Because methyl lactate should have a reactivity similar to that of a propagating lactate end group, it leads to the conclusion that a intramolecular propagating process, i.e., the sudden chain growth, is not significant in these polymerizations. The tertiary alcohols reacted even more slowly. Pinacol did not go to initiation but instead rearranged to yield pinacolone. The water produced in the rearrangement initiated the reaction. tert-Butyl alcohol initiated the reaction slowly. Figure 9 displays lH NMR spectra of a tert-butyl alcohol initiated reaction. The singlets a t initiator. It was seen that large amounts of initiator, indicated a t 1.27 ppm, remained unreacted even after all of the monomers were consumed. This indicated that intermolecular propagating processes did not take place.
This reaction seems different from a normal step reaction, i.e., the condensation reaction, although a comparable mechanism has been suggested. 20 In the condensation polymerization, a polymer chain reacts with either a chain or a monomer. There is no active site in a real sense. But in the lactide polymerization, in one step only one monomer may be added to a chain. The maximum number of active sites does not change during reaction as the concentration of the initiator does not change.
In summary, the reaction is supposed to proceed along the mechanism illustrated in Scheme 4. When the lactide/catalyst complex meets a hydroxyl group ((1) of Scheme 41, reaction would takes place ((21, (3) , and ( Thus, the dependence of the reaction mechanism on the initiator can be explained as follows. As the active chain ( ( 6 ) of Scheme 4) may go to either an intramolecular or intermolecular reaction via (a) or (b) of Scheme 4, the reactivity of R-OH which may be an initiator or other chain without catalyst will influence the tendency. When the initiator is highly reactive, i.e., when R-OH is a primary alcohol, the reaction through an intermolecular process (b), i.e., chain transfer, will have high priority. In other words, the catalyst prefers to react with the initiator. When the initiation rate is comparable with the propagation rate, as in the case of methyl lactate, the choice between (a) and (b) is even. Both these two cases result in chain transfer growth on the chain. When the initiator is far less reactive, as in the case of tert-butyl alcohol, however, intermolecular processes (b) will not occur so that one catalyst can only react with one initiator, resulting in the chain growth The probability at each step an I was chosen is
The probability that i number of monomer M has reacted with an I at the mth step can then be written as:
Accounting for the number of ways I may be selected, the probability of finding i monomers in an I after the mth step equals The number-average molecular weight should be
where ni is the number of chains with i lactide units, Mi = iM is its molecular weight, M is the molecular weight of lactide, and Mo is the molecular weight of the initiator.
i=O
The weight-average molecular weight should be
Thus:
Knowing that
is the number of steps the reaction has gone, from (20) it can be seen that molecular weight changes with steps Figure 10 shows the molecular weight growth during polymerization as calculated from (24) and derived on the NMR experimental data. They are in fair agreement.
It is worth mentioning that, according to this model, growth of the molecular weight and molecular weight distribution not only changes with conversion but also changes with initiator and catalyst through their ratio P (eq 16). If the amount of catalyst is equal to that of initiator, monodisperse polymer is expected to occur.
This model is oversimplified. First, the possibility that a intramolecular growth process takes place is considered to be the same as that of the intermolecular growth process. If this is true, the growth of a monomer on one chain will not depend on whether the catalyst is previously bound on this chain. Second, the difference between initiation and propagation is ignored. Also, the ester-ester interchange, which has been claimed to be important in this p~lymerization,~~ is not considered. These factors will increase the molecular weight distribution and exert more influence when m becomes larger or P reaches its limit 1. Analysis including these effects will be found in a successive paper. 
Conclusions
Kinetic measurements indicate that the polymerization is first order in the monomer at lower conversion and first order in the initiator. The active center is not bound to a single chain end when the reactivity of the initiator is high. Inter-and intramolecular propagating processes are determined by the reactivity of the initiator. Modeling of the reaction shows that growth of the molecular weight and molecular weight distribution not only depends on conversion but also depends on the initiator and catalyst.
